Alteration of DNA ligase I activity is a consistent biochemical feature of Bloom's syndrome (BS) cells.
Human DNA ligase I cDNAs from normal and BS cells complemented a S. cerevisiae DNA ligase mutation, and protein extracts prepared from S. cerevisiae transformants expressing normal and BS cDNA contained comparable levels of DNA ligase I activity. DNA sequencing and Northern blot analysis of DNA ligase I expression in two BS human fibroblast lines representing each of the two aberrant DNA ligase I molecular phenotypes demonstrated that this gene was unchanged in BS cells. Thus, another factor may be responsible for the observed reduction in DNA ligase I activity associated with this chromosomal breakage syndrome.
To assess the molecular basis of this disease, we have cloned the cDNA corresponding to the human DNA ligase I gene expressed in normal cells and from two BS fibroblast lines, GM8505 and GM5289. The DNA ligase I gene was isolated by a PCR strategy employing degenerate oligonucleotides based on conserved regions of the DNA ligase genes of Saccharomyces cerevisiae and Schizosaccharomyces pombe (15) . A complete DNA sequence analysis from two BS cell lines revealed that each BS DNA ligase I gene was indistinguishable from the wild-type gene. A single 3.1-kilobase (kb) DNA ligase I mRNA was detected at normal steady-state levels in BS cells by Northern blot analysis. Also, the GM8505 DNA ligase I gene was able to complement the S. cerevisiae cdc9 DNA ligase mutation. Given the reduction in DNA ligase I activity in BS cells, these results suggest that a factor which modulates DNA ligase I activity in normal cells is defective in BS. Alternatively, a defect in a modifying activity that acts upon DNA ligase I and some DNA-repair enzymes may account for the altered repair phenotypes in BS cells.
Bloom's syndrome (BS) is an autosomal recessive disorder that is characterized by a high incidence of cancer, variable combined immunodeficiency, and a markedly increased mutational rate (1) (2) (3) . Cells from BS patients exhibit pronounced genomic instability, having an increased frequency of sister chromatid exchange, a high rate of chromosomal breakage, and gross cytologic abnormalities such as quadriradial chromosomes (4, 5) . Complementation analysis using BS cells from patients of diverse ethnicity suggests that the defect in BS is attributable to a single gene (6) .
Biochemical analysis reveals that DNA ligase I displays one of two aberrant molecular phenotypes in BS cells. In most BS cells, DNA ligase I activity is reduced and thermolabile, whereas certain BS cells contain an anomalously dimeric form of DNA ligase I (7-10). Thus, it has been proposed that the BS defect is attributable to a mutation of the gene encoding DNA ligase I (8, 10) .
A second biochemical defect has been observed in BS cells. The activities of the DNA-repair enzymes uracil DNA glycosylase and hypoxanthine DNA glycosylase are induced late in the G1 phase of the cell cycle in normal cells, attaining maximal levels early in S phase. In BS cells this induction is delayed, and maximal levels ofuracil and hypoxanthine DNA glycosylases are not attained until late in S phase, although the maximal activity of these enzymes is not reduced in BS cells. In addition, a monoclonal antibody that recognizes uracil DNA glycosylase from normal cells is unreactive with BS uracil DNA glycosylase, indicating that the enzyme is structurally altered or modified in BS cells (11) (12) (13) (14) .
MATERIALS AND METHODS
Cell Lines. BS fibroblast lines GM8505 and GM5289 were obtained from the Human Genetic Mutant Cell Repository, Camden, NJ.
cDNA Synthesis. RNA was prepared as described (16 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 88 (1991) tisense), IAC-ICC-GSW-CAG-GTA-RTC-YTT-YTT-IAS-YTT; 195 (sense), AAI-SAY-WGI-TGY-GAR-GGI-CTG-ATG-ITS-AA (where I is inosine; R is G or A, Y is C or T, S is G or C, and W is A or T. Template DNA consisted of random hexamer-primed cDNA or cDNA from mouse and human cDNA libraries. In the latter case, only one of the degenerate oligonucleotide primers was used in conjunction with a primer specific for the Agtl1 cDNA cloning vector.
Southern Blots. Ten percent of each degenerate PCR mixture was fractionated in a 1.5% agarose gel and transferred to nitrocellulose. The rest of the heterogeneous PCR products were fractionated in 6% polyacrylamide gels for isolation of hybridization probes. The 75-to 200-base-pair (bp) size range was excised, eluted in 5-10 volumes of 300 mM NaOAc/0. 1% SDS at 370C overnight, and precipitated by addition of 2.5 volumes of 95% EtOH. Heterogeneous PCR size fractions were cloned as described below or radiolabeled according to Feinberg and Vogelstein (18) (19) except that all incubations were at room temperature. Crude extracts were prepared from cdc9 transformants by physical disruption (20) . Two micrograms of extract (protein) was diluted into 28 ,ul of assay buffer (60 mM Tris HCI, pH 8/10 mM MgCl2/5 mM dithiothreitol/1 mM ATP with bovine serum albumin at 50 ,ug/ml) containing 100 units of T4 DNA ligase (New England Biolabs) where noted and 5'-32P-labeled (dT)25-30 annealed to either poly(dA) or poly(rA) (Pharmacia) in a 1:1 molar ratio as described (21) . After incubation at 37°C for 1 min, reactions were stopped by heating at 68°C for 30 min and then treated with 3 units of alkaline phosphatase (Boehringer Mannheim) for 3 hr at 55°C. After precipitation with 10% trichloroacetic acid, products were assayed for radioactivity in a scintillation counter. One unit of DNA ligase activity corresponds to the conversion of 1 nmol of 32p to an alkaline phosphatase-resistant form per microgram of protein per minute. The assay was linear over 10 min for the assay conditions described.
RESULTS
Cloning of Human DNA Ligase Genes by Use of Degenerate Oligonucleotides. The products of the DNA ligase genes from S. cerevisiae and Sch. pombe share modest overall homology (53% amino acid identity) but are >95% identical over a 47-amino acid segment at their carboxyl termini (22) . Given the conservation of DNA ligase function, we assumed that the high degree of amino acid sequence conservation observed in this portion of the known ligase genes might extend to mammalian DNA ligases. Such conservation would allow for isolation of the mouse and human DNA ligase genes by a PCR strategy utilizing degenerate oligonucleotide primers. The degenerate oligonucleotides employed in this strategy are based on the boxed amino acid sequences in Fig. 1 , corresponding to the sense and antisense strands encoding the indicated amino acids. The two oligonucleotides, 195 and 193, were highly degenerate (64-and 128-fold, respectively) and contained inosine residues at 7 of 59 positions (see Materials and Methods). cDNA synthesis from mouse and human poly(A)+ RNA was primed with oligo(dT) or the antisense degenerate oligonucleotide 193. The resulting cDNA populations were then subjected to PCR with the sense and antisense degenerate oligonucleotide pair.
Ifthe degenerate oligonucleotides were sufficiently homologous to both the mouse and human DNA ligases, the complex PCR products obtained from each species would include DNA ligase sequences. This product could then be used as a hybridization probe to detect the DNA ligase sequence from the other species. Since the conserved sequences in the yeast genes corresponding to the degenerate PCR primers are separated by 117 bp, products in the 75-to 200-bp size range were isolated from the mouse and human PCR mixtures after fractionation in a 6% polyacrylamide gel and used as hybridization probes in Southern blot analysis. PCR products were hybridized with the size-selected heterogeneous mouse (Fig. 2, lanes 1-4) mixtures from the same species indicates that the single band detected by the heterologous probe represents a relatively small fraction of the total amplified population.
Mouse and human size-selected PCR products were cloned into a plasmid vector and bacterial colonies were screened by hybridization to the appropriate heterologous probe. The DNA sequences of positive mouse and human clones were determined and their deduced amino acid sequences are shown in Fig. 1 (Fig. 3A) , indicating that the transcriptional activation of the DNA ligase I gene occurred before the initiation DNA synthesis. The DNA Ligase I Gene from BS Cells Is Normal. We undertook a molecular analysis ofthe DNA ligase I gene from two BS cell lines. GM8505 is a simian virus 40-transformed fibroblast line in which DNA ligase I activity is abnormally thermolabile and reduced by a factor of 3 (9) . GM5289 is an untransformed BS fibroblast line that contains an aberrantly high molecular weight form ofDNA ligase I but does not have diminished levels of DNA ligase I activity (29) . One microgram of total RNA from these two BS fibroblast lines was converted to single-stranded cDNA and the DNA ligase I gene from each was isolated in four overlapping segments by PCR amplification. In all cases, PCR was also carried out on (16) . The filter was hybridized simultaneously with 32B2 (Ligase) and /3-actin (/3 act) probes. JOSK-1 is a human monocytic leukemia cell line included as an unsynchronized control (28) . (B) DNA ligase I is normally transcribed in GM8505. Poly(A)+ RNA (0.5 ,ug per lane) from SV80 and GM8505 cells was fractionated as above and hybridized separately with 32B2 and P3-actin probes.
Blots were exposed to film for 6 days after each hybridization. mock reverse transcriptase reactions to ensure that the PCR products obtained were derived from the BS DNA ligase I genes.
The GM8505 DNA ligase I gene was reconstructed in the yeast expression vector pDB20. S. cerevisiae cdc9 transformed with GM8505/pDB20 grew significantly better than control transformants (pDB20 alone) at 30'C. Each of 57 GM8505/pDB20 colonies tested from the plate grown at 30'C grew at 370C, indicating that the GM8505 DNA ligase I gene fully complements the cdc9 mutation (Table 1) . Additionally, protein extracts prepared from the GM8505/pDB20 transformants were as active for DNA ligase I activity as extracts prepared from 139/pDB20 or 32B2/pDB20 transformants of cdc9 (Table 1) .
Because BS cells express a conditionally active DNA ligase I, it was possible that mutations exerting a subtle effect on DNA ligase I activity would not be detected by expression in a heterologous system. Therefore, we determined the complete nucleotide sequence of the DNA ligase I cDNAs from GM8505 and GM5289. The DNA sequences of the DNA ligase I genes were derived from subcloning and DNA sequencing of the four overlapping PCR-amplified segments described above. Both BS cell lines were found to contain DNA ligase I genes that were indistinguishable from the wild-type gene (23) . To confirm the identity of GM8505 (obtained from the Human Genetic Mutant Cell Repository, Camden, NJ) as a BS fibroblast, the sister chromatid exchange frequency in this cell line was determined and found to be extraordinarily high (data not shown), indicative of the BS phenotype (5) .
Transcription of the DNA Ligase I Gene in BS Cells Is Normal. GM8505 may have reduced DNA ligase I levels due to changes in the levels of transcription. We determined the steady-state levels of DNA ligase I mRNA in the BS fibroblast line GM8505 and in a wild-type control cell line, SV80, by Northern blot analysis using 32B2 as the hybridization probe. SV80 cells are normal human fibroblasts transformed by simian virus 40 in an analogous manner to GM8505. The levels of DNA ligase I mRNA in GM8505 and the SV80 control were essentially identical (Fig. 3B) . The constitutively expressed 83-actin gene was used to control for the abundance ofRNA in each preparation. DNA ligase I activity is not reduced in GM5289 (29) , but it is possible that the aberrant molecular weight of DNA ligase I activity in this BS cell results from changes in the DNA ligase I gene or in processing of the mRNA. We detected a single 3.1-kb DNA ligase I mRNA in GM5289, indicating that the DNA ligase I gene in GM5289 is normally transcribed (data not shown). Thus, the alteration of DNA ligase I activity observed in these BS cells does not result from alteration in the synthesis or stability of the DNA ligase I mRNA.
DISCUSSION
An alteration in DNA ligase I enzyme activity in BS cells has been established by extensive biochemical characterization (7-10). We demonstrate here that a normal DNA ligase I gene is present and transcribed normally in cells representing both BS ligase mutant phenotypes.
The alteration of DNA ligase I activity in BS may result from a defect in a factor that modulates the activity of DNA ligase I. The existence of a heat-resistant factor that is associated with DNA ligases and promotes ligase activity on linear DNA has been observed in human fibroblasts as well as Xenopus laevis ovaries (30, 31) . In addition, it has been proposed that the ligation of nonhomologous DNA ends is facilitated by proteins that align the ends (32) (26, 33) , and an incomplete cDNA encoding the 3' half of DNA ligase I is sufficient for complementation of cdc9 (23 (11) (12) (13) (14) have identified an alteration in the structure and expression of uracil DNA glycosylase and hypoxanthine DNA glycosylase in BS cells. These enzymes are unlikely to affect the levels of DNA ligase I activity directly. Since these enzymes are necessary in the base-excision repair pathway, it is possible that an alteration in their levels of expression would directly affect the rate of mutation in BS cells. The aberrant expression of these DNA-repair enzymes coincident with the alteration in DNA ligase I activity may indicate that a protein-modifying pathway that acts upon enzymes involved in DNA-repair processes is defective in BS cells. This hypothesis suggests that the biochemical alterations thus far described may represent a subset of the perturbations in DNA metabolic pathways of BS cells.
The human cDNA encoding DNA ligase I was isolated by a PCR strategy using degenerate oligonucleotide primers based on a highly conserved region at the carboxyl termini of the proteins encoded by the yeast DNA ligase genes. Amino acid sequence conservation between the two yeast ligases is higher in this region than at the segment that most likely comprises the enzyme's active site (33) . We (21, 26, 36) .
